Background: Biofilm formation and microbial colonization on the surface of implant devices may cause dental caries and peri-implantitis. Therefore, various surface treatments have been developed to improve the antibacterial activity of titanium implant. Methods: Silver-loaded polydopamine coating was formed by immersing pure titanium in dopamine hydrochloride/ HCl buffer solution for 24 h in 50 mL silver nitrate solutions with different concentrations for 30 min. Microbial growth inhibition and microbial growth curve analyses for bacterial solutions of Streptococcus mutans and Porphyromonas gingivalis incubated with the specimens were respectively conducted by counting the numbers of colonies on agar solid medium and by measuring absorbance using enzyme-linked immunosorbent assay reader. Results: Silver nanoparticles were uniformly distributed over the whole surface of the polydopamine and silvercoated titanium specimens. The numbers of microbial colonies for both bacteria cultured with surface-modified titanium were significantly lower than those cultured with uncoated titanium. When Streptococcus mutans and Porphyromonas gingivalis were cultured with surface-modified titanium, the lag phase of the growth curves for both bacteria was continually maintained, whereas the lag phase for Streptococcus mutans and Porphyromonas gingivalis changed to exponential phase after 9 and 15 h, respectively, when both bacteria were cultured with uncoated titanium. Conclusion: It was confirmed that the coating of polydopamine and silver on the surface of titanium effectively retards the microbial growth, which can cause the formation of biofilm and pathogenesis of gum disease in the mouth.
Introduction
Osseointegration between the bone and an implant, and bacterial aggregation around the implant can have a significant influence on the success or failure of a dental implant. In particular, implant-related infections may lead to serious complications, even if antibiotics are administered regularly and systemically in a clean environment. [1] [2] [3] Dental implants are constantly exposed to oral bacteria owing to partial contact with the jawbone and gums.
Periodontal diseases occur within the gums including the gingiva, the periodontal ligament, and the alveolar bone. While there are various indirect causes of periodontal disease such as smoking, hormones, poor dentition, diabetes, and family history, the formation of a biofilm, which comprises bacteria and is continuously formed on teeth, is a direct cause. In dental implants, microbial proliferation and biofilm formation can lead to serious infections, resulting in implant failure, systemic disease, pain, and economic loss. 4, 5 Traditionally, antibiotics have been used to prevent bacterial infections, but antibiotics alone cannot eliminate the bacteria in biofilms, which are a major cause of infection on the implant surface. When the biofilm was formed on the surface of the implant, the biofilm provides a protective barrier, which can shield the bacteria from antibacterial agents including antibiotics. [6] [7] [8] Moreover, the excessive use of antibiotics not only promotes the proliferation of bacteria with antibiotic resistance but also reduces antibiotic efficacy. Therefore, an effective surface modification with antibacterial function is required to prevent bacterial adhesion and biofilm formation.
Peri-implantitis can even destroy the alveolar bone, depending on the degree of inflammation. Various types of bacteria can affect peri-implantitis or periodontal diseases. Among them, Streptococcus mutans (S. mutans) and Porphyromonas gingivalis (P. gingivalis) cause periimplantitis by attaching to the surfaces of titanium (Ti) implants. 9 Since S. mutans is a major producer of biofilms, it is important to inhibit the growth of S. mutans on the surface of Ti implant. 10 P. gingivalis is a major pathogen which can cause periodontal disease and halitosis in patients with poor implant conditions because P. gingivalis proliferates during periodontal disease, and creates metabolites and toxins that directly damage periodontal tissues. [11] [12] [13] S. mutans is a gram-positive bacterium and P. gingivalis is a gram-negative anaerobic bacterium. 14 P. gingivalis is more resistant against antibiotic and antibacterial agents such as silver ion (Ag+) than S. mutans due to different cell structures between two bacteria. 15 The gram-negative bacteria usually have an impenetrable cell wall with an outer membrane but a cell wall of gram-positive bacteria containing a thick peptidoglycan layer that is negatively charged without an outer cell membrane. Therefore S. mutans is susceptible to Ag+ since a negatively charged peptidoglycan layer can easily bind silver ions. 15 Polydopamine (PDA), which is a mussel-derived adhesive protein, is created through the self-polymerization of dopamine (3,4-dihydroxyphenylalanine, DOPA). PDA has been extensively researched because it can be applied in various organic and inorganic biomaterials as it is nontoxic and biodegradable and is capable of altering its adhesive properties in the presence of amino acids. 16, 17 PDA uses threads made of fiber bundles to attach firmly to the surfaces of materials, even in water. Therefore, it can be used as coating material to improve the adhesive force and biocompatibility of biomaterial surfaces. [17] [18] [19] [20] [21] Many previous studies identified that PDA coatings are useful in a variety of fields, particularly biomedical devices. 22 It was reported that PDA coatings on biomaterials increased the biocompatibility, the resistance of cytotoxicity, and antibacterial activity. [23] [24] [25] Also, PDA coatings with additional incorporation of the functional material such as hydroxyapatite, chitosan, collagen, and antibiotics on Ti have been developed to enhance the osteointegration, osteogenisis, and antimicrobial activity of dental and bone implants. [26] [27] [28] [29] Silver has a broad spectrum of antibacterial properties, and has been used for various purposes in medicine for many years. Silver is chemically stable, but silver ions can be released when it is exposed to body fluid, which exhibits antibacterial properties in a wounded area. Silver ions are highly reactive and bind strongly to tissue proteins, causing structural changes of bacterial cell walls and the nuclear envelope. They also have an affinity for hydrogen ions and bind to thiol moieties in microorganisms; as a result, they kill bacteria and other microorganisms through incapacitation. [30] [31] [32] [33] Thus, much research of nanocomposites, surface modification, and pre-formulation using silver nanoparticles has been carried out to use as the dental and orthopedic materials. [34] [35] [36] For instance, the excellent antibacterial activity and bio-integration was confirmed through in vivo testing when the silver was loaded on the nanostructured Ti by immersion in the solution including 254.8 g/L silver nitrate for 30 min. 36 Also, remarkable bacterial colonization inhibition was identified when silver nanoparticles were formed on Ti by immersion in the solution including 10 g/L silver nitrate after dopamine coating on alkaline-treated Ti. 37 Besides, it was verified that the silver-loaded PDA coatings on the anodized Ti, which were manufactured in solutions including 1.5~3 g/L silver nitrate, had superior and longlasting antibacterial activity. 38 Thus, this study was conducted to identify the antibacterial effects of Ti surface-modified with PDA and silver for S. mutans and P. gingivalis to prevent bacterial activity in the mouth.
Materials and methods

Specimen preparation
Pure Ti plates (10 × 10 × 1.5 mm; Kobe Steel Ltd, Japan) were sequentially polished with #400 to #1200 sandpaper. The PDA coating solution (2 g/L) was prepared by completely dissolving dopamine hydrochloride (Sigma-Aldrich, Germany) in a HCl buffer solution (0.01 mol/L, pH = 8.0). Subsequently, PDA was deposited on a Ti specimen by stirring the DOPA solution for 24 h. The self-polymerization of DOPA was visually confirmed by color change of the surface to dark gray. For silver coating, the PDA-coated Ti specimens were immersed in 50 mL silver nitrate solutions (Samchun Pure Chemical Co., Ltd, Korea) with silver nitrate concentrations of 5 g/L (Ag5) and 50 g/L (Ag50) for 30 min, and exposed to ultraviolet radiation (UV). Finally, the specimens were washed with distilled water and dried in a vacuum oven at 25°C.
Surface analysis
The surface morphologies of the Ti specimen coated with PDA and silver were observed by field-emission scanning electron microscopy (FE-SEM; Hitachi S-4800, Japan) and the chemical composition on the surface was confirmed using energy-dispersive X-ray spectroscopy (EDX; Oxford, UK).
Bacterial culture
Streptococcus mutans UA159 (ATCC 700610) and Porphyromonas gingivalis (ATCC 33277) were received from the American Type Culture Collection (ATCC, USA). S. mutans was cultured in brain heart infusion (BHI, BD Difco, USA) and P. gingivalis was cultured in tryptic soy broth (TSB, BD Difco, USA) supplemented with 1 mg/mL yeast extract, 5 μg/mL hemin (Maxim Biomedical Inc., USA), and 1 µg/mL menadione (Maxim Biomedical Inc., USA). Defibrinated sheep blood (5%, Maxim Biomedical Inc., USA) was only added to the solid media for P. gingivalis.
Each strain was inoculated into the medium which was sterilized at 121°C for 15 min, and cultured at 37°C. S. mutans was cultured in 5% CO 2 and 95% air, and P. gingivalis was cultured under anaerobic conditions (85% N 2 , 10% H 2 , 5% CO 2 ). 4 mL of each liquid culture was added to a test tube, and the prepared single colony was cultured at 37°C for [16] [17] [18] [19] [20] [21] [22] [23] [24] h. An aliquot of the culture medium was stored at −80°C.
McFarland standard turbidity was used as a reference to determine the density of the strain culture media. Each culture medium was adjusted to the turbidity (absorbance 0.09-0.13, density of strain 1 × 
Microbial growth inhibition test by serial dilution assay
Briefly, the specimens were first placed in a 24-well plate, and 100 μL each of the S. mutans and P. gingivalis bacterial solutions in which the bacteria concentration was of 1 × 10 7 CFU/mL was added into each well including the specimens. After being incubated for 2 h, 900 μL of liquid medium was added to each well and cultured for 24 h. The cultured bacterial solutions were serially diluted to a concentration of 1 × 10 −3 and 1 × 10 −5 with a PBS solution. The undiluted and diluted culture medium were smeared on agar solid medium. S. mutans and P. gingivalis was cultured for 24 h and 48 h, respectively, and then the number of colonies were counted.
Microbial growth curve analysis
Growth curve analysis was carried out by measuring the absorbance at 600 nm to determine whether the PDA and silver coating on the surface of Ti affected the growth rate of the microorganisms. The strain culture medium was adjusted to an optical density of 0.02 at 600 nm (OD 600 ). 5 mL turbidity-adjusted strain culture medium was inoculated into a test tube and cultured with specimen at 37°C. Finally, the culture medium was transferred to a 96-well plate every 3 h, and the OD 600 value was measured using an enzyme-linked immunosorbent assay (ELISA) reader (EMax, Molecular Device). Figure 1 shows the schematic processing for the preparation of specimen and antibacterial tests. Figure 2 shows the surface morphologies and the chemical composition on the surface of PDA and silver-coated Ti specimens, which were analyzed using FE-SEM and EDX. It was identified that silver nanoparticles (AgNPs) with a size of between 100~200 nm were uniformly incorporated in AgNPs-PDA coating layer on the Ti surfaces, and 2.4 wt.% silver was detected on the surface by EDX analysis. Figure 3 and Figure 4 , respectively, show the growth inhibition effect of S.mutans and P. gingivalis in various diluted culture medium after immersion of the specimens. The number of S. mutans colonies was approximately 6-8 × 10 8 CFU/mL in the undiluted culture medium. However, the colony count for the S. mutans was approximately 0.2-0.4 × 10 0 CFU/mL in culture medium contacted with Ag5 and Ag50, which was significantly lower than that of the control as shown in Figure 3 . Also, P. gingivalis produced a colony count of approximately 3-5 × 10 8 CFU/mL in the undiluted culture medium and approximately 1-3 × 10 3 CFU/mL after contacting with Ag5 and Ag50 as shown in Figure 4 . Figure 5 shows the results of microbial growth curve analysis to verify the growth rates of S. mutans and P. gingivalis on the Ti specimens coated with PDA and silver. As shown in Figure 5(a) , the turbidities of the cultures for the surfacemodified specimens were lower than the turbidities of the control culture and culture for pure Ti after culturing S. mutans and P. gingivalis for 48 h. S. mutans progressed from the lag phase to the exponential phase after 9 h, but P. gingivalis grew more slowly than S. mutans, which progressed from the lag phase to the exponential phase after 15 h. Both S. mutans and P. gingivalis progressed from the exponential phase to stationary phase after 24 h. However, when S. mutans and P. gingivalis were cultured with Ag5 and Ag50 specimens, they remained in the lag phase to 48 h.
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Discussion
Operations using hip and knee orthopedic implants and as well as dental implants are steadily increasing as the world is rapidly becoming an aging society. 39 In particular, dental implants have been used in a variety of applications such as recuperation of masticatory functions and aesthetic treatment. Titanium and its alloys are widely used as implant materials in dentistry and orthopedics due to their excellent mechanical properties, high corrosion resistance, and biocompatibility. 40 However, failures of Ti implantation due to bacterial infection have also been increasing. 1, 2 About 10% premature failures of Ti implant have resulted from the bacterial infection within a year after implantation, and especially it has been found that the major cause for the failures of dental implant were the tissue inflammation and bone resorption by some bacteria such as P. gingivalis, Prevotella intermedia (P. intermedia), and Fusobacterium nucleatum (F. nucleatum). 41 Thus, silver-coated Ti specimens were used for the purpose of reducing bacterial infection, which is a failure factor of implants in this study.
Silver is widely used in medicine because it is less harmless to the human body, has excellent antibacterial properties, and is stable with regard to decomposition and volatilization. In the previous studies, some forms of silver have been shown to be effective in burns, chronic osteomyelitis, urinary tract infections, and central nervous system inflammation. It was also reported that the hydroxyapatite coating layer containing silver on the alumina substrate exhibits excellent antibacterial properties against the bacteria such as staphylococcus aureus (S. aureus) and escherichia coli (E. coli), 31 and the silverzeolite complex inhibits bacterial growth in anaerobic. 15 Even though the silver ions released from the surface of Ti contribute to its antibacterial activity, it has been reported that silver ions interfere with cell division by causing structural changes to the cell wall or cell membrane by inactivating microorganisms, generating active oxygen, inducing stress in microorganisms, DNA damage, and chromosomal aberrations. [42] [43] [44] [45] [46] [47] [48] Especially, since DNA damage and chromosomal aberrations turned out to be major factor causing cell cycle arrest of human cells, 48 further systematical study is needed to understand the effects of the silver ions released from the surface of PDA and silver-coated Ti on the cytotoxicity of human cells.
Mussels produce and secrete adhesive proteins to adhere strongly on the rock against tidal current and rough waves of the sea. Using such properties, bio-friendly adhesives using mussel-derived materials have been actively developed since adhesives produced from natural organisms generally have excellent mechanical strength and durability. In previous research, lower cytotoxicity and better viability for the osteoblastic MC3T3-E1 and MG-63 human osteosarcoma cells were confirmed, and the surface was changed to more hydrophilic when PDA was coated on the pure Ti. 23, 24, 26 Also, even though the significant differences in antibacterial activities between Ti and PDAcoated Ti were not confirmed in previous studies, 49, 50 the antibacterial activities for both gram-negative and grampositive bacteria were increased and biofilm formation was inhibited for a long time with good biocompatibility when antibiotics or silver nanoparticles were incorporated in PDA coating on Ti, and new bone formation by encouraging biomineralization was promoted when using bioactive materials such as hydroxyapatite and collagen in PDA coating on Ti. 27, 28, 49, 51 Table 1 shows a brief summary of previous studies for the effects of the silver-loaded PDA coating on the antibacterial activities and biocompatibility of Ti. When the silver nanoparticles (AgNPs) were incorporated in PDA coating on the bare Ti or anodized Ti with micro or nano-structure compared with PDA coated and Ti, the antibacterial activities were maintained for much longer, and the proliferation of osteoblast cells was improved in comparison with PDAcoated or bare Ti, since the release of silver ions from the coating was retarded and the intrinsic cytotoxicity of Ag nanoparticles was compensated by the mineralization, which can promote the osseointegration of Ti implant. 35, 37, 38, 50, [52] [53] [54] Bacterial cells induce division processes for growth through active metabolism. The growth curve of bacteria can generally be divided into four phases: the lag phase, the exponential phase, the stationary phase, and the death phase. The lag phase is the period when bacteria adapt to a new environment. As shown in Figure 5 , the Ti specimens coated with PDA and silver inhibited the metabolism of S. mutans and P. gingivalis by retarding the progress to the exponential phase from the lag phase.
Conclusions
The antibacterial characteristics for S. mutans and P. gingivalis of PDA and silver-coated Ti were identified in this study. In the case where S. mutans and P. gingivalis were cultured with PDA and silver-coated Ti, the numbers of microbial Obvious antibacterial effects against S. aureus and better ALP activity to osteoblast-like MG63 cells than those of Ti and PDA-TiO 2 (55) In this study, antibacterial activity against S. mutans (a major cause of dental caries) and P. gingivalis (a major cause of periodontal disease and halitosis) was evaluated to verify the antibacterial activity of Ti coated with PDA and silver.
Results of this study show that the growth of S. mutans and P. gingivalis is inhibited after contacting with Ti specimens coated with PDA and silver, which suggest that the coating with PDA and silver on Ti is useful method to give the implants antibacterial activity.
